Five solutions of sodium chloride in mixtures of water and dimethyl sulphoxide ͑DMSO͒ have been simulated using the conventional molecular dynamics technique. The potentials of mean force ͑PMFs͒ of the sodium chloride ion pair in the presence of the five water-DMSO mixtures with DMSO mole fractions (x DMSO ) of 0.10, 0.21, 0.35, 0.48 and 0.91 have been computed. The derived PMFs have been confirmed by the long time dynamical ion-pair trajectories. The solvation structures of the ions in the presence of these mixtures have been analyzed using the ion-solvent radial distribution functions and the corresponding integration numbers. It has been found that the Na ϩ ion is always preferentially solvated by the water molecules in all the water-DMSO solvent mixtures. The Cl Ϫ ion is slightly preferred by the DMSO molecules in these mixed solvents.
I. INTRODUCTION
The solvation of sodium chloride and other electrolytes in several one component solvents has been a subject of detailed investigations, both theoretically and through simulations, for a considerably long time. 1 Molecular dynamical ͑MD͒ simulation studies on NaCl in the presence of model polar solvents, 2 water, 3-5 methanol, 6 and dimethyl sulphoxide ͑DMSO͒ 7 have been reported. These studies cover many aspects of the NaCl solvation in the respective solvents including the evaluation of the potential of mean force ͑PMF͒, analysis of the solvation structure and dynamics, computation of solvent friction kernels, calculation of transmission coefficients across the PMF barriers and orientational distributions of the solvent molecules around the ions. The solvent mixtures like water-methanol, water-acetone and waterammonia have been simulated by Ferrario et al. 8 Similarly, the water-DMSO mixture has been simulated by Vaisman and Berkowitz 9 and also by Luzar and Chandler. 10 Interestingly, the simulations of NaCl solutions in solvent mixtures are being reported only recently. The solvation of a single Na ϩ ion and a single Cl Ϫ ion in the presence of mixed solvents like water-methanol 11 and water-formamide 12 has been reported in the recent past. Monte Carlo simulations and neutron diffraction studies on a peptide forming system CuCl 2 -NaCl-H 2 O have appeared recently. 13 The phenomenon of preferential solvation of NaCl in the water-methanol mixtures has been addressed by Hawlicka and Wojcik. 11 For the Na ϩ ion, the preferential solvation by methanol decreases with increasing methanol mole fraction and it vanishes at x methanol ϭ0.9. The opposite behavior has been noticed for the Cl Ϫ ion. The most direct insight into the structure of solutions is expected from x-ray and neutron diffraction experiments. But these techniques do not provide decisive results for electrolyte solutions in water-methanol mixtures. 14 Computer simulation gives an opportunity to distinguish between the properties of each subsystem in the solution and to follow the effects of each component of the system. In the water-formamide mixture, both the Na ϩ cation and Cl Ϫ anion are preferentially solvated by formamide even if small amounts of formamide are present in the mixed solvent. 12 The solvent mixtures of water and DMSO have special importance because of their unique physical and chemical properties. 15, 16 With respect to the chemical properties, the formation of water-DMSO mixtures is exothermic with the magnitude of the heat of mixing showing a strong negative deviation from ideality. 17 The other macroscopic properties such as density, 18 viscosity, 18 refractive index, 18 dielectric permittivity 19, 20 and surface tension 21 show positive deviations from ideality. An aqueous solution of DMSO with x DMSO Х 0.25 has a freezing point Ϫ70°C in comparison to the pure constituents ͑0°C for water and ϩ18.6°C for DMSO͒. 22 These solvent mixtures show maximum deviations from ideal behavior in the DMSO mole fraction range of 0.20-0.45. There is no general agreement about the mechanism by which the two solvents interact to account for these macroscopic deviations. 23 However, it has been well established that the water-DMSO hydrogen bond is much stronger than the water-water hydrogen bond, 8 which has been accepted to be one of the major reasons for the deviations in macroscopic properties. The associative properties of DMSO responsible for the nonidealities in water-DMSO mixtures are also found in its associations with polarizable nonionic and ionic substances. 15, 16 The existence of strongly hydrogen bonded one DMSO-2 water aggregates have also been proved through molecular dynamical simulations of these solvent mixtures. 9 In order to probe this associative character of DMSO and its influence on ion solvation, we have studied the solvation of the Na The PMF for the Na ϩ and Cl Ϫ ion pair in pure water has been reported by Berkowitz et al., 3 and by Karim and McCammon 4 using the umbrella sampling technique and also by Guardia, Rey, and Padro 5 using the constrained MD simulations. These two sets of results differ only slightly with respect to the location of the contact ion pair ͑CIP͒ minimum, the transition state ͑TS͒ maximum, the solvent separated ion pair ͑SSIP͒ minimum and also with respect to the magnitudes of dissociation and association barriers. The differences arise largely because of the different interaction potential models used by these authors. While Berkowitz et al. 3 and Karim and McCammon 4 have used the TIPS2 model for water, Guardia, Rey, and Padro 5 have used the flexible SPC model for water.
The ion-ion PMF for the Na ϩ and Cl Ϫ ion pair in pure DMSO has been reported by Madhusoodanan and Tembe 7 using the constrained MD simulations. Table I collects the main characteristics of the ion-ion PMF for the Na ϩ and Cl Ϫ ion pair in these two solvents and the ion-ion PMF in the two solvents is shown in Fig. 1 .
To our knowledge, ion-solvent interactions for this most commonly used electrolyte ͑i.e., Na ϩ Cl Ϫ ) has not been reported in mixed solvents such as water-DMSO. In order to explore the nature of the solvation of the ion pair in these mixed solvents with extreme nonideality we have derived the ion-ion PMF at five selected compositions, which we report here. Significantly, in all the compositions studied, the short distance stable minimum ͑characteristic of the formation of a CIP͒ is not observed. These studies will yield a comparison of the nature of the PMFs and the solvation structures of the ions in the presence of the mixed solvents of different compositions. The preferential solvation of the Na ϩ and Cl Ϫ ions in these mixed solvents and the orientational distributions of the solvent molecules around a moving ion pair during its transformation from one solvated configuration into another may be revealed through these studies.
II. THE MODELS AND THE METHOD
The details of the methodology have been given in the earlier papers. The five systems for which the Na ϩ -Cl Ϫ ion-ion PMF have been derived contain the two ions in the presence of the five selected solvent compositions of the water-DMSO mixture. The relevant details of the chosen solvent mixtures are given in Table II .
A. The interaction potentials
The present work considers the interactions between the ions, DMSO and water molecules to be composed of pairwise additive potential functions between the sites. For details, the reader may refer to our earlier work 7 and the references cited. [26] [27] [28] [29] [30] [31] [32] In all the five mixture compositions considered here, water-water interactions are taken to be those of the SPC model of water due to Berendsen et al. 33 For the DMSO-DMSO interactions, the potential function used by other authors 9,10,32 has been chosen. The ion-ion direct potential between the Na ϩ and Cl Ϫ ions is taken to be that of the Huggins-Mayer form 31 U i j ͑ r ͒ϭ q i q j r
where q i is the charge on the ith ion at a distance r from the jth ion and B, C, and are parameters. The site-site ionsolvent and solvent-solvent potential is represented as . ͑4b͒
The various potential parameters in Eqs. ͑1͒ and ͑2͒ used in this work are presented in Table III . The choice of the intersolvent potential is consistent with the usual combining rules used in the statistical mechanics of mixtures 34, 35 and with the independent determination of the intermolecular DMSO-DMSO, water-water, ion-DMSO and ion-water potentials. Earlier MD simulation studies on solvent mixtures performed by Ferrario et al. 8 proved that such choice of the intersolvent potential is reasonably accurate for simulating water-methanol, water-acetone and water-ammonia mixtures.
B. Preparation of the solvent mixtures
The starting solvent configurations for the five compositions of the mixtures have been chosen according to the specifications given in Table II . In all the compositions, the Na ϩ and Cl Ϫ ions have been placed at the center of the cubic simulation box. For placing the solvent molecules into the simulation box, the following three procedures have been adopted.
H1 "Hetero1…: Keeping the two ions at the center of the box, n 1 DMSO molecules are placed around them. This makes up the box size up to L 1 . This central box of DMSO is then covered by n 2 water molecules in the form of a sheath, to make up the full box length of L. ͑For example, in composition 1, n 1 ϭ88, L 1 ϭ21.8 Å, n 2 ϭ162, Lϭ24.564 Å; in composition 2, n 1 ϭ53, L 1 ϭ18.4 Å, n 2 ϭ197, Lϭ22.784 Å and so on͒.
H2 "Hetero2…: Similar to H1, here n 2 molecules of water surround the ions in the inner box up to a box size of L 2 . This water box is then covered by n 1 DMSO molecules as a sheath, up to the net box length of L. ͑For example, in composition 1, n 2 ϭ162, L 2 ϭ16.9 Å, n 1 ϭ88, Lϭ24.564 Å; in composition 2, n 2 ϭ197, L 2 ϭ18.1 Å, n 1 ϭ53, Lϭ22.784 Å and so on͒.
R "Random…: For the random configuration, two equilibrated solvent boxes are taken; one of which contains 254 DMSO molecules in a cubic box of edge length 31.039 Å and the other which contains 300 water molecules in a cubic box of edge length 20.77 Å. From the DMSO box, n 1 molecules are picked up at random. Then for these n 1 DMSO molecules, we have located the water molecules with S͑DMSO͒-O͑water͒ distance less than ϳ2.5 Å and deleted these water molecules from the water box. Out of the remaining water molecules, only n 2 are retained for preparing the mixture, and the rest are deleted. Finally, the n 1 DMSO molecules and the n 2 water molecules are placed into the simulation box along with the Na ϩ and Cl Ϫ ions at the center of the box.
In all these three procedures, about 1000 Monte Carlo moves are performed in order to eliminate any site-site close contacts. In the case of H2 and R, the system reaches equilibrium ͑tested with the constancy of the total energy of the system͒ 34 within 10 ps of MD simulation at 298 K. On the other hand, H1 ͑with DMSO molecules forming an inner sheath to the ions͒ takes a considerably long time ͑more than 50 ps͒ to reach equilibrium. This is because of the presence of the very deep potential minimum ͑depth of 28.7 k B T) existing in the PMF of the Na ϩ -Cl Ϫ in DMSO at a short interionic separation ͑2.6 Å͒. However, the equilibration of H1 can be achieved faster by increasing the temperature of the system gradually followed by slow cooling to 298 K.
All these three strategies have been tested for giving the identical PMF for the Na ϩ -Cl Ϫ ion pair in all five mixture compositions.
C. Details of the simulations
In order to simulate the ion pair dynamics in the presence of the mixed solvents we have used the constrained MD methodology 36 in all the simulations. The method requires the MD simulation of the system consisting of the ions and the solvent molecules in which not only the intrasolvent atom-atom or site-site separations are held constant, but also the ion-ion separation is kept fixed. This was achieved by using the SHAKE algorithm. 37 The short range interactions were truncated using a spherical cutoff with half the box length as the cutoff radius. The long range interactions were computed using the reaction field technique. 35 The equations of motion were solved numerically using the Verlet algorithm 38 using a time step of 0.5 fs. For the system consisting of two ions ͑A,B͒ and N solvent molecules, the force due to the solute-solvent interactions, acting along the interionic axis is evaluated as 39 ⌬F͑r,t ͒ϭ ͫ where F AS (r,t) and F BS (r,t) are the total forces on the solute particles A and B due to the solvent molecules; m A and m B are the individual masses of the ions; is the reduced mass of the ion pair and r is the unit vector along the AB direction. The ⌬F(r,t) values are calculated at each time step and then averaged over the whole simulation. The total mean force between the ions is the sum of the direct ͑bare͒ ion-ion force, F d (r) and the solvent contribution, ⌬F(r).
That is
where ⌬F(r)ϵϽ⌬F(r,t)Ͼ, the angular brackets denoting an ensemble average. The potential of mean force, W͑r͒, of the ion pair in the presence of the solvent can then be calculated as 39 W͑r ͒ϭϪ ͵ F͑r ͒drϭW͑ r 0 ͒Ϫ ͵ r 0 r F͑r ͒dr. ͑7͒
The choice of W(r 0 ) is required to be done in such a way that the calculated mean force potential matches the macroscopic Coulombic potential at long distances
where q i is the charge on the ith ion and ⑀ is the dielectric constant of the solvent. The experimental values of the dielectric constants 19, 20 have been given in Table II . We have found that the ion-ion PMFs for the solvent compositions studied are not sensitive to the choice of r 0 if r 0 is greater than 8.0 Å.
Interionic separations ͑r͒ from 2.0 to 9.0 Å with increments of 0.2 Å were considered for the estimation of the PMFs. This constitutes a series of 36 MD simulations for each of the solvent compositions. Several initial configurations were generated for a given interionic separation. In each case after an initial equilibration period of 20 ps, the ion-ion separation was increased and/or decreased to cover the whole range of distances. For each value of r, the system was further equilibrated for 20 ps which was followed by a production period ranging from 60 to 80 ps, during which the ion-solvent mean force ⌬F(r) was computed. We have determined the errors in ⌬F(r) by repeating the production runs over several initial solvent configurations. Typical values of the standard deviations of ⌬F(r) range from about 5 k B T ͑at smaller r between 2.6 and 4.0 Å͒ to about 1 k B T ͑at longer r͒.
III. RESULTS AND DISCUSSION

A. The solvent contributions to the mean force
The mean force F͑r͒ on the Na ϩ and Cl Ϫ ions in the presence of the five mixed solvents ͑whose compositions are indicated on the curves͒ are displayed in Fig. 2 36 in pure water by Guardia, Rey, and Padro 5 and in pure DMSO by Madhusoodanan and Tembe. 7 The sign of ⌬F(r) ͓which is F(r)ϪF d (r) and is not shown in the graph͔ is positive for all the mixed solvent compositions. Positive ⌬F(r) was also observed in the case of pure water 5 as well as in pure DMSO 7 at all the interionic separations. This implies that for a system of charged particles ͑i.e., ions͒ in the presence of polar solvents, the characteristics of ⌬F(r) are the manifestations of the electrostatic forces on the ions which are dictated by the equilibrium solvent configurations at that particular interionic separation. From the nature of the F͑r͒ in all the solvent compositions, it is evident that the contributions of the solvent forces are important for values of r up to 8.0 Å. The repulsive character of F͑r͒ ͓which is due to ⌬F(r)] in all the solvent compositions can be understood by the fact that the polar mixed solvent assists in separating the oppositely charged Na ϩ and Cl Ϫ ions. Total mean force F͑r͒ on the ions has the composite effect of two contributions, namely, the bare attractive ion-ion force F d (r) and the repulsive ion-solvent force ⌬F(r). These two are of opposite signs for all ion-ion separations greater than 2.3 Å; hence the resulting F͑r͒ may be sensitive to the choice of the ion-ion (U i j ), ion-solvent and solvent-solvent (U ␣␤ ) interaction potentials which are responsible for the magnitude as well as the sign of F d (r) and ⌬F(r), respectively. This needs further investigation.
From the curves in Fig. 2 , it can be seen that the solvent contributions ⌬F(r) differ only at small ion-ion separations. A shallow minimum in ⌬F(r) or F͑r͒ near 3.0 Å is observed in the first three compositions. A local maximum is noticed only for x DMSO ϭ0.21 at r Na ϩ ϪCl Ϫϭ 6.6 Å. A small barrier in ⌬F(r) is observed between 4.0 and 5.5 Å in all the compositions. In the first three compositions, F͑r͒ rises significantly 
B. The potentials of mean force
The ion-ion PMFs, W͑r͒s, for the five solvent compositions have been obtained by direct integration of the total force, F͑r͒, according to Eq. ͑7͒, taking r 0 ϭ8.0 Å, and satisfying Eq. ͑8͒. These are displayed in Fig. 3 for the five solvent compositions. From these figures it is evident that the first short-distance minimum in the Na ϩ -Cl Ϫ PMF seen in pure water ͑at 2.9 Å͒ and in pure DMSO ͑at 2.6 Å͒ does not appear in any of the mixture compositions. The mixture compositions with x DMSO ϭ0.10, 0.21 and 0.35 show narrow shoulder regions between 3.0 and 4.0 Å very near the CIP configurations observed in the pure solvents. The characteristics of the Na ϩ -Cl Ϫ PMFs in the presence of the mixed solvents are given in Table IV. All these observations point to the fact that none of the solvent mixtures permit the Na ϩ and Cl Ϫ ions to remain ''intimate'' within a short ion-ion distance corresponding to the CIP in the pure solvents. In pure water, the ions can exist both as a CIP and as a SSIP with an equilibrium constant of 7.7 at 298 K for the CIP ⇔ SSIP equilibrium. 5 The corresponding value of the equilibrium constant is much less, 1.5 ϫ10 Ϫ8 at 298 K in pure DMSO, in which the CIP configuration ͑with a potential depth of 28.7 k B T) is much more stable than the SSIP. 7 These features do not get reproduced by any of the solvent mixtures considered here. The presence of broad SSIP minima as well as a shallow barrier for x DMSO ϭ0.21 allow for the possibilities for several low barrier transitions 40, 41 between various arrangements of the molecules of the solvent mixtures at different ion-pair separations.
A rationale for the absence of the CIP in these mixtures has been obtained by analyzing the solvent structures that develop around the ion pair in these solvents. We observed that in all these solvent mixtures, the water molecules remain strongly bound to the ion pair at the SSIP minima, and one molecule of water tends to be close to the ion pair along the interionic axis. In Fig. 4 , we present a typical solvent configuration around the Na ϩ and Cl Ϫ ions for x DMSO ϭ0.91 at r Na ϩ -Cl Ϫϭ 5.0 Å. It is noticed that a water molecule is close to the ion pair at a distance of about 3.0 Å from both the ions. The strong bonding of the water molecules to form the closest solvation shell even at this lowest water containing mixture (x DMSO ϭ0.91) dictates the formation of the SSIP minima at a large ion-ion distance of r Na ϩ -Cl Ϫ near 5.0 Å. The contour plots of the O ͑water͒ density profiles around the Na ϩ and Cl Ϫ ions described in our earlier work 42 the dominance of water molecules to form the SSIP minima at an ion-ion distance of 5.0 Å in all the mixed solvents considered here. The influence of DMSO to force the ion pair to form a CIP is further reduced because of the strong intersolvent water-DMSO hydrogen bond which is much stronger than the water-water hydrogen bond. 8 At the other two compositions of x DMSO ϭ0.10 and 0.48 we have noticed a similar trend. This description will be further quantified in a later section wherein we present the radial distribution functions and the running coordination numbers between the ions and the solvent sites. We shall now test these PMFs using the dynamical trajectories of the ion pair.
C. Dynamical trajectories of the Na
A second confirmation of the nature of the potentials of mean force for the ion pair has been obtained by studying the dynamical trajectories of the ion pair initiated at various ionion separations. This is done by performing long MD simulations on the system by releasing the constraint on the ion pair at time tϭ0, and then calculating the ion-ion separation vector at each time step. For each of the mixture compositions we have selected several interionic separations ͑in the range of 2.6-9.0 Å͒ as the starting ion-ion distance and followed each of the ion-pair trajectories for short times ͑5 ps͒ as well as for long times ͑20 ps͒.
The trajectories starting with r Na ϩ -Cl Ϫ of 2.6 to 5.0 Å for all compositions settle at the broad SSIP minimum at 5.0 Ϯ0.8 Å in a very short time ͑within 1 ps͒ and after this initial period, the interionic distance remains near 5.0Ϯ0.8 Å for well over 20 ps. Since these trajectories look similar beyond 2 ps and the average interionic distance does not change very much beyond 2 ps, we show only a few distinctive trajectories initiated at short interionic separations in Fig. 5 . One of them is for the mixed solvent with x DMSO ϭ0.10 and initiated at r Na ϩ -Cl Ϫϭ 3.2 Å shown in Fig. 5͑a͒ . The ion-pair quickly settles at a distance of 4.6Ϯ0.5 Å. The trajectories for compositions with x DMSO ϭ0.21, 0.35 and 0.48 initiated at a distance in the range r Na ϩ -Cl Ϫϭ 2.6-5.0 Å also settle at an average value of r Na ϩ -Cl Ϫϭ 5.0Ϯ0.5 Å. The trajectories for x DMSO ϭ0.91 are shown in Figs. 5͑b͒ and 5͑c͒. The trajectory initiated at r Na ϩ -Cl Ϫϭ 2.6 Å ͓Fig. 5͑b͔͒ settles at r Na ϩ -Cl Ϫ ϭ4.2Ϯ0.7 Å and the trajectory initiated at r Na ϩ -Cl Ϫϭ 3.4 Å ͓Fig. 5͑c͔͒ settles at r Na ϩ -Cl Ϫϭ 4.6Ϯ0.7 Å. Although an ionion separation near 2.6 Å is expected to be a reasonably sharp and long lived CIP configuration of the Na ϩ -Cl Ϫ ion pair ͑which actually is, in the presence of pure DMSO͒, 7 the configuration is not stable in any of these mixtures and the residence time of the ion pair in this region of the potential well is much less (Ͻ1 ps). We have tested this finding with several equilibrated solvent configurations at this distance. The dynamical trajectories of Fig. 5 indicate that an ion pair in these mixtures is a broad SSIP at a distance range of 4.2-5.8 Å. Figure 6 displays the long time ͑20 ps͒ trajectories of the Na ϩ -Cl Ϫ ion pair which are initiated at longer ion-ion separations of у7.0 Å, in the presence of the five solvent mixtures. The diffusive nature of the ion pair trajectory in the presence of the mixture with x DMSO ϭ0.10 is clearly seen in Fig. 6͑a͒ . The ion pair settles at the SSIP minimum near 5.0 Å. The trajectory in Fig. 6͑b͒ indicates that the ion pair in the presence of the mixture with x DMSO ϭ0.21 spends a very long time at the less stable second SSIP minimum at r Na ϩ -Cl Ϫϭ 7.0 Å. These results have been reconfirmed by 50 ps runs. The ion trajectories starting at shorter distances, viz., r Na ϩ -Cl Ϫϭ 2.6, 3.2, 4.8, and 5.4 Å ͑not shown in the figures͒ also settle around the SSIP distance of 5.0 Å; but the trajectories starting at r Na ϩ -Cl Ϫϭ 7.0 Å or at a larger interionic separation settle at around 7.0 Å, the location of the second minimum in the ion-ion PMF in a mixture with x DMSO ϭ0.21. All trajectories starting at r Na ϩ -Cl Ϫϭ 6.6 Å for this mixture have a finite nonzero probability of crossing to the either side of this ϳ8 k B T barrier ͑from the minimum on the left͒. We have already reported the computation of the transmission coefficients ͑whose value is 0.26Ϯ0.10) across this PMF barrier. 42 The solvation structures of the ion pair in the presence of this mixed solvent with x DMSO ϭ0.21 have also been reported 42 in this mixture composition. The ion pair at x DMSO ϭ0.35 settles at the SSIP minimum near 5.0Ϯ0.6 Å ͓Fig. 6͑c͔͒ within 5 ps and tends to remain oscillatory between r Na ϩ -Cl Ϫϭ 4.5 Å and 5.3 Å. The solvent mixture with x DMSO ϭ0.48 causes the ion pair to settle at the SSIP minimum at r Na ϩ -Cl Ϫϭ 5.0 Å within about 8 ps ͓Fig. 6͑d͔͒. In this composition, the PMF is quite broad at the minimum and covers a range of 4. shorter ion-ion separation of near 4.5 Å, the long time trajectories approach shorter interionic separations. These trajectories in Figs. 5 and 6 also show the presence of a broad SSIP minimum in the distance range of 4.2-5.8 Å in all five compositions and a second SSIP minimum at r Na ϩ -Cl Ϫ ϭ7.0 Å for the composition with x DMSO ϭ0.21. As the mole fraction of DMSO is increased up to 0.91, the SSIP minimum appears to become deeper and broader and shifts to a smaller r Na ϩ -Cl Ϫ distance confirming the pattern seen in Fig.  3 . The well depth also appears to be the least when x DMSO ϭ0.35. As we increase x DMSO beyond 0.91 to unity we expect the CIP to eventually appear ͑the PMF is already large and negative near 3.0 Å for x DMSO ϭ0.91), but simulations with very few molecules of one component, especially a hydrogen bonding solvent such as water, are extremely time consuming.
D. The ion-solvent radial distribution functions
In order to analyze the local solvation structures around the Na ϩ and Cl Ϫ ions in the five mixed solvents, we have computed the ion-solvent pair distribution functions, g i␣ (r), and the running coordination numbers n i␣ (r). The ionsolvent pair distribution function g i␣ (r) is the ratio of the local density of the solvent site ␣ at a distance r from the ion i and the bulk density ( ␣ ϭN ␣ /V)
where N ␣ is the number of the ␣th solvent site in volume V of the simulation shell and N ␣ (r) is the number of such sites in the spherical shell (r,rϩ⌬r) at a distance r from the ion i. The running coordination number n i␣ (r) is the integrated intensity of the g i␣ (r) function up to the distance r
The ion-solvent radial distribution functions have been calculated for all the solvent mixtures. For the sake of comparison, the interionic separation has been chosen to be r Na ϩ -Cl Ϫϭ 5.0-5.4 Å for all the five mixed solvents. Figure 7 presents the ion-solvent radial distribution functions ͑RDFs͒ for the Na ϩ ion and Fig. 8 presents the ion-solvent RDFs for the Cl Ϫ ion. In both of these figures, the ion-solvent RDFs have been shown by shifting them vertically with respect to x DMSO .
From the plots in Fig. 7 we see that the Na ϩ -S ͑DMSO͒, Na ϩ -O ͑DMSO͒, Na ϩ -O ͑water͒ and Na ϩ -H ͑water͒ RDFs do not exhibit any change in the position of the peak maxima, but the intensities of the peaks change with the change in the solvent composition. The Na ϩ -CH 3 ͑DMSO͒ pair shows most pronounced variations in the peak position and peak height with the change in the composition. However, these variations are less intense ͑with intensities less than four units and these plots are not presented here͒. We observe that the lowest DMSO containing mixture (x DMSO ϭ0.10) has the maximum height for the Na ϩ -S ͑DMSO͒, Na ϩ -O ͑DMSO͒, Na ϩ -CH 3 ͑DMSO͒ pairs. Once the solvation shell forms, it does not readily allow the other DMSO molecules to come closer to the Na ϩ ion. With the increase in the DMSO mole fraction the bulk density increases, but the local DMSO density around the Na ϩ ion does not increase correspondingly. Hence the peak height decreases. Turning to the solvation shell formed by the water molecules around the Na ϩ ion, we find that the lowest water containing mixture (x DMSO ϭ0.91) has the maximum height for the Na ϩ -O ͑water͒ and Na ϩ -H ͑wa-ter͒ pairs. The heights of the RDF maxima for these pairs decrease as the mole fraction of water increases. The order of increasing water content in the solvent mixtures is x DMSO ϭ0.91Ͻ0.48Ͻ0.35Ͻ0.21Ͻ0.10. Like before, with the increase in the water mole fraction the bulk water density increases, but the local water density around the Na ϩ ion does not increase proportionately. This makes the peak height decrease with increasing water content in the mixtures. It is thus evident that the solvation shell around the Na ϩ ion consists of both water and DMSO molecules and the shell structure does not change in proportion to the changes in the solvent composition.
We shall now discuss the ion-solvent RDFs for the Cl Ϫ ion in the presence of the five mixed solvents. These are displayed in the plots of Fig. 8 . We see that the Cl Ϫ -S ͑DMSO͒ and Cl Ϫ -CH 3 ͑DMSO͒ pairs do not exhibit the formation of well defined DMSO coordination shells. This indicates the diffusiveness of the DMSO solvation shell Ϫ -H ͑water͒ pairs do not change with mixture composition, their intensities change significantly. As has been observed in the case of Na ϩ ion, the intensity of the RDF maximum is highest in the case of lowest water containing mixture (x DMSO ϭ0.91), and the intensity decreases when mole fraction of water increases in the solvent. The explanation for this is similar to that given for the Na ϩ ion. Water molecules form the solvation shell around the Cl Ϫ ion in the presence of all five solvent mixtures considered here, and this solvation shell does not undergo significant changes when the composition is altered. The bulk density of water in the mixed solvents increases from x DMSO ϭ0.91Ͻ0.48 Ͻ0.35Ͻ0.21Ͻ0.10, but the local density of water around the ion does not change appreciably because of the presence of DMSO molecules, which form strongly hydrogen bonded networks in the mixtures. 9, 10 Figure 9 presents the running coordination numbers, n i␣ (r) for the Na ϩ ion and Fig. 10 presents the n i␣ (r) for the Cl Ϫ ion. In both of these figures the n i␣ (r) functions are stacked vertically with respect to x DMSO . From the Na ϩ -S ͑DMSO͒ and Na ϩ -O ͑DMSO͒ n i␣ (r)s we see the presence of only one DMSO molecule near the Na ϩ ion at DMSO mole fraction x DMSO ϭ0.10, which rises to two DMSO molecules at x DMSO ϭ0.48 and at the highest DMSO mole fraction of x DMSO ϭ0.91 this number is about 2.5. Similarly the Na ϩ -O ͑water͒ and Na ϩ -H ͑water͒ n i␣ (r)s show the presence of four water molecules at x DMSO ϭ0.10 which decreases to three water molecules at x DMSO ϭ0.48 and to two water molecules at x DMSO ϭ0.91. We observe a concomitant increase in the magnitude of the n i␣ (r) functions with the increase in the component mole fraction, since these n i␣ (r)s are always weighted with the bulk number density of the solvent site ␣ ͓Eq. ͑10͔͒. These observations suggest that the Na ϩ ion solvation shell is composed of five molecules ͑comprised of both DMSO and water molecules͒ in all the five solvent mixtures.
The running coordination numbers for the Cl Ϫ ion have been presented in Fig. 10 . In the n i␣ (r) plots of Cl Ϫ -S ͑DMSO͒ and Cl Ϫ -CH 3 ͑DMSO͒ it is seen that the closest DMSO coordination shell around the Cl Ϫ ion is formed by the CH 3 groups, although the shell is not very well characterized. We find that only at x DMSO ϭ0.91, the n i␣ (r) for the Cl Ϫ -CH 3 pair shows a significant bending indicating the presence of 4-5 DMSO molecules in the solvation shell. At the lower mole fractions of DMSO, this number could not be ascertained precisely since the solvation shell is diffusive ͓absence of the horizontal portions in the n i␣ (r) plots͔. The n i␣ (r)s for the Cl Ϫ -O ͑water͒ and Cl Ϫ -H ͑water͒ pairs indicate the presence of 5-6 water molecules at x DMSO ϭ0.10, about four water molecules at x DMSO ϭ0.48 and 2-3 water molecules at x DMSO ϭ0.91. is composed of 7-8 molecules ͑comprising of both DMSO and water molecules͒.
E. Preferential solvation of the Na
؉ -Cl ؊ ion pair
In order to examine the solvent preferences of the Na ϩ -Cl Ϫ ion pair in the presence of the five mixed water-DMSO solvents, we have calculated the local mole fractions x D loc of DMSO and x W loc of water in the ion solvation shells as a function of the bulk solvent composition. These have been calculated using the formula
where n iD (x D ) is the coordination number of the DMSO solvation shell of the ith ion and n iW (x D ) is the coordination number of the water solvation shell of the ith ion at the solvent composition x D . The DMSO mole fraction is x D (ϵx DMSO ) and the water mole fraction is x W (ϵx water ). Equations ͑11͒ and ͑12͒ provide an opportunity to compare the results with nuclear magnetic resonance ͑NMR͒ data as has been done in the case of the solvation of Na ϩ -Cl Ϫ in the presence of water formamide mixtures. 12 Since the S atom of DMSO and the O atom of water are located near the center of mass of the corresponding solvent molecule, the coordination numbers n iD and the n iW are evaluated by integrating the g iS(DMSO) (r) and g iO(water) (r) functions up to the first minimum (r min ). For the Na ϩ -S ͑DMSO͒, Na ϩ O ͑water͒, Cl Ϫ -S ͑DMSO͒ and Cl Ϫ -O ͑water͒ pairs the r min values are 4.2, 2.8, 6.4, and 4.0 Å, respectively. Figure 11 shows 
IV. CONCLUSIONS
Constrained MD simulations have been performed on the Na ϩ -Cl Ϫ ion pair in the presence of five selected water-DMSO mixtures with the mole fraction of DMSO, x DMSO ϭ0.10, 0.21, 0.35, 0.48 and 0.91. The derived potentials of mean force for the ion pair do not show the existence of a stable contact ion pair in any of the mixtures. The presence of the pervasive solvent separated ion pairs in all these compositions has been demonstrated from the nature of the PMFs. The derived PMFs have been tested by doing auxiliary MD simulations on the ion pair and generating the dynamical ion-ion trajectories of the pair. This was done by releasing the constraint on the ion pair at time tϭ0, and trailing the ions for a considerably long time (Ͼ20 ps). Interestingly, the Na ϩ -Cl Ϫ ion pair in pure water is seen to exist both as a CIP and as a SSIP, with the SSIP configuration a little more stable than the CIP. 5 The ion pair in pure DMSO also exists in both the configurations, but the CIP configuration in DMSO is much more stable than the SSIP configuration. 7 The solvent composition with x DMSO ϭ0.10 has shown a single well-defined SSIP minimum at r Na ϩ -Cl Ϫϭ 4.6 Å. The mixture with x DMSO ϭ0.21 shows two well-defined SSIP minima at r Na ϩ -Cl Ϫϭ 5.0 and 7.0 Å. These SSIPs are separated by an activation barrier at r Na ϩ -Cl Ϫϭ 6.6 Å. We have analyzed the solvation of the individual ions at these ion-ion separations in an earlier paper and also calculated the transmission coefficients across the PMF barrier in this mixture composition. 42 The mixed solvent with x DMSO ϭ0.35 exhibits the presence of only one SSIP at r Na ϩ -Cl Ϫϭ 5.0 Å. The fourth solvent mixture with x DMSO ϭ0.48 shows the presence of a SSIP well covering the range of r Na ϩ -Cl Ϫϭ 4.4-5.1 Å. The composition with higher DMSO content (x DMSO ϭ0.91) shows the presence an SSIP at r Na ϩ -Cl Ϫϭ 4.4 Å, but the PMF has become significantly negative near r Na ϩ -Cl Ϫ ϭ3.0 Å.
The ion-solvent radial distribution functions for the Na ϩ -Cl Ϫ ion pair in the presence of the five mixed water-DMSO solvents emphasize the formation of solvation shells around each ion comprising of molecules of both the components of the solvent mixture. In all the five mixtures the local solvation shells around the ions are strong and do not show any changes in the RDF peak positions with the change in the mixture composition. With respect to the change in intensities of the RDF peaks, the lowest DMSO containing mixture (x DMSO ϭ0.10) has the maximum height for the Na ϩ -S ͑DMSO͒, Na ϩ -O ͑DMSO͒ and Na ϩ -CH 3 ͑DMSO͒ pairs. Similarly, the lowest water containing mixture (x DMSO ϭ0.91) has the maximum height for the Na ϩ -O ͑wa-ter͒ and Na ϩ -H ͑water͒ pairs. These are attributed to the fact that the local density of the solvent site around the ion changes very slowly in comparison with the bulk density of the solvent. Similar arguments hold good for the decrease in the peak heights in the Cl Ϫ -O ͑water͒ and Cl Ϫ -H ͑water͒ RDFs with increasing water content. The RDFs of the Cl Ϫ -S ͑DMSO͒ and Cl Ϫ -CH 3 ͑DMSO͒ pairs do not show the formation of well-defined DMSO coordination shell around this ion.
The plots of the running coordination numbers show that the Na ϩ ion has a total of five solvent molecules and the Cl Ϫ ion has a total of 7-8 solvent molecules in the respective solvation shells. The numbers of each component solvent molecules vary as the solvent composition changes. For example, at x DMSO ϭ0.10, one DMSO and four water molecules constitute the Na ϩ ion solvation shell. At x DMSO ϭ0.91, three DMSO and two water molecules solvate the Na ϩ ion. Similarly, at x DMSO ϭ0.10, the solvation shell of the Cl Ϫ ion has one DMSO and 5-6 water molecules. At x DMSO ϭ0.91, this ion is solvated by four DMSO and 2-3 water molecules.
In order to determine the solvent preferences of the Na ϩ and Cl Ϫ ions in the mixed solvents, we have calculated the local mole fractions around each ion. It is found that the Na ϩ ion prefers to be solvated by water in the mixed solvents with DMSO mole fraction x DMSO у0.21. The Cl Ϫ ion is preferred by the DMSO component in the mixtures with x DMSO ϭ0.10 and 0.21.
It would be of great interest to investigate the translational diffusion of the Na ϩ and Cl Ϫ ions in the presence of these strongly nonideal solvent mixtures. The influence of the solvation shell ͑where both the component solvent molecules are present͒ on the individual ionic mobilities is also worth investigating. Such studies in the presence of nearly ideal solvent mixtures ͑like water-formamide͒ 12 are being investigated by other groups. The dependence of the results on the choice of the models used for the site-site potentials also needs to be assessed in detail.
